Running Title: Emergence of subgenome dominance across time and ploidy
Introduction
Whole genome duplications (WGD) have been an important recurrent process throughout the evolutionary history of eukaryotes [1] [2] [3] , including having contributed to the origin of novel traits and shifts in net diversification rates [4] [5] [6] [7] . WGDs are especially widespread across flowering plants [8] [9] [10] , with both deep WGD events (all extant angiosperms share at least two events 11 ) and a plethora of more recent events including those unique to our model system Mimulus 12 . Polyploids, species that have three or more complete sets of genomes, are grouped into two main categories: autopolyploids (WGD that occurred within a species) and allopolyploids (WGD coupled with a interspecific hybridization) 13 . Previous studies indicate that allopolyploids are more likely to persist and become ecologically established -a fact that has partially been attributed to heterosis due to transgressive gene expression and fixed heterozygosity 3, 7, 14, 15 . Newly formed allopolyploids face the unique challenge of organizing two genomes (i.e. subgenomes), each contributed by different parental species, that have independently evolved in separate contexts, which now exist within a single nucleus 16 . Hybridization and allopolyploidization may disrupt both genetic and epigenomic processes resulting in altered DNA methylation patterns [17] [18] [19] [20] [21] [22] [23] , changes in gene expression 24-28 and transposable element (TE) reactivation 29 -commonly referred to as genomic shock 30 . These genome wide changes are associated with novel phenotypic variation in newly formed allopolyploids 31, 32 , which likely contributed to the survival and ultimate success of polyploids 33 .
One observation that may be linked to the long-term success of allopolyploids is that homeologous genes (homologous genes encoded on different parental subgenomes) are often expressed at non-equal levels, with genome-wide expression abundance patterns being highly skewed towards a subgenome. Examples of plants with evidence for subgenome specific expression include Maize 34 , Brassica 35 , cotton 26 , wheat 36 , Tragopogon 24 , Spartina 25 , and Arabidopsis 37 . Additionally, it has been shown that the less expressed subgenome tends to be more highly fractionated (i.e. accumulate more deletions), a pattern thought to be due 3 to relaxed selective constraints. Collectively these phenomena are referred to as 'subgenome dominance' 38 . For example, in Brassica rapa, a three-way battle ensued following a whole genome triplication event that occurred over ten million years ago resulting in a single dominant subgenome emerging and two highly fractionated subgenomes 39 . The most highly fractionated subgenome lost more than double the total number of genes than the least fractionated, dominant subgenome.
It remains largely unknown how one subgenome becomes more highly expressed, with respect to either whole genome patterns or specific genes. Another unanswered question is, on what time scale (i.e. how quickly) does subgenome dominance become established? Subgenome dominance in newly formed hybrids and allopolyploids could have substantial implications for our understanding of plant hybridization in both ecological and agricultural contexts. In addition, a mechanistic understanding of these phenomena is fundamental to better understanding the long-term evolutionary advantages of WGDs. One hint at a mechanism may be that gene expression can be impacted by the proximity to and methylation status of nearby TEs 40 . Prompted by the finding that the density of methylated TEs is negatively correlated with gene expression magnitude, Freeling et al. 41 hypothesized that the relationship between TE repression and the expression of neighboring genes might explain patterns of observed subgenome dominance. The degree of methylation repatterning and reestablishment genome-wide, specifically nearby genes, following hybridization and/or WGD is largely unknown. Here we tested this hypothesis by assessing (i) the overall rate that subgenome expression dominance is established following hybridization and WGD, (ii) genome-wide methylation repatterning following hybridization and WGD, and (iii) the influence of methylation repatterning on biased expression of parental subgenomes.
Most polyploid systems are hindered by at least one of two major difficulties: (1) lack of genomic resources for extant parental progenitors (if parents are known) or (2) the inability to confidently partition the polyploid genome to each of the parental subgenomes. Here we used the recently formed natural allopolyploid, Mimulus peregrinus, to overcome these 4 hurdles. M. peregrinus (6x) is derived from the hybridization of M. luteus (4x) and M. guttatus (2x), which produced a sterile triploid intermediate M. x robertsii (3x) that underwent a subsequent WGD to regain fertility 12, 42 (Fig 1) . Importantly, M. luteus (native to Chile) and M. guttatus (native to Western North America) only recently came into contact following a documented introduction into the UK in the early 1800's 12 . Thus, we have a narrow time window for the formation of M. peregrinus. Moreover, the natural allopolyploid (M. peregrinus) still exists with its introduced parents in the UK, which allows us to recreate hybrids and synthetic allopolyploids in lab. Furthermore, the M. guttatus genome was recently published 43 and we complement this with a new genome assembly for M. luteus (see Results). These resources and the unique natural history of M. peregrinus have provided an unprecedented opportunity to properly investigate subgenome expression dominance and its relation to DNA methylation and TE density differences.
Results

Mimulus luteus genome assembly
Here we present the draft genome of M. luteus with a total genome size estimate of 640-680 megabases (Mb) based on flow cytometry and kmer spectrum analysis (SI Appendix, Text S1.1) 42 . The assembly contains 6,439 scaffolds spanning 410Mb with an N50 of 283kb, representing roughly 60 percent of the genome, with gene content analyses supporting the recovery of nearly the entire gene space (SI Appendix, Text S1.1). A total of 46,855 protein coding genes were annotated in M. luteus genome, which is nearly double the number of protein coding genes (26,718) previously annotated in the M. guttatus genome (430 Mb estimated; 300 Mb assembled) 43 . This difference in gene content supports a tetraploid event (WGD) unique to M. luteus, previously reported based on both genome size and base chromosome number differences between these species 44 . We re-annotated the M. guttatus genome with identical methods used for M. luteus, reducing the total number to 25,465 pro-tein coding genes (SI Appendix, Text S1.1). The re-annotation of this genome permits us to make proper genomic and transcriptomic comparisons by removing artifacts that arise due to differences in genome annotation pipelines. A total of 319,944 and 451,448 TEs were annotated in the M. guttatus and M. luteus genomes, respectively (SI Appendix, Text S1.6).
We combined these two genomes to represent M. peregrinus.
History of WGD in Mimulus
A shared ancient whole genome duplication was detected in both genomes, termed Mimulus-alpha, with a mean Ks of 0.92 and phylogenetically placed at the most recent common ancestor of Mimulus (Phrymaceae) and nearly all other Lamiales families ( Fig 1) (SI Appendix, Text S1.2, Figs. S1, S2, and S3). A recent mean-date estimate for that phylogenetic node is 71 million years before present 45 . Our taxon sampling did not include the earliest diverging lineage (family Plocospermataceae) in Lamiales 45 . The Mimulus-alpha event is shared by all other surveyed Lamiales families. A total of 757 unique shared duplications from Mimulus-alpha were identified in all surveyed taxa (SI Appendix, Text S1.2). Two additional duplication events detected across Lamiales were not shared with Phrymaceae; First, a WGD event shared by Orobanche (Orobanchaceae) and Striga (Oleaceae) supported by 1739 shared duplicate pairs. Second, a WGD event shared by Olea and Fraxinus supported by 3308 shared duplicate pairs (SI Appendix, Text S1.2).
Mimulus luteus experienced an additional whole genome duplication event not shared with M. guttatus. As a result, for every M. guttatus gene, M. luteus typically has two corresponding homeologs. We sought to determine whether the two M. luteus homeologs were more similar to each other or whether one M. luteus homeolog was consistently more sim- Thus, using homeologous M. luteus genes and their orthologous M. guttatus gene as identified through a whole genome synteny (SI Appendix, Text S1.2), we find that one of the M. luteus homeologs is significantly more similar to M. guttatus than it is to the other M. luteus homeolog.
Investigating the establishment of subgenome dominance
RNA-seq datasets for calyx, stem, and petals were generated for the F1 hybrid M. x robertsii (M. guttatus x M. luteus), resynthesized allopolyploid M. peregrinus, and naturally derived allopolyploid M. peregrinus and parental taxa, M. luteus and M. guttatus (SI Appendix, Text S1.3). These data were used to measure homeolog specific gene expression following the M. luteus WGD event as well as in a contemporary hybrid and neo-allopolyploids. All RNA samples were collected within a narrow time range to control for major diurnal rhythmic expression differences. In hybrids and allopolyploids, subgenome-specific (parental) SNPs were identified and were used to measure homeolog specific gene expression (SI Appendix, Text S1.3). For the analysis of our RNA-seq data, we developed a likelihood ratio test (LRT) involving three nested hypotheses to identify cases of homeolog expression bias that do not involve tissue specific expression differences (SI Appendix, Text S1.5). The null hypothesis is that both homeologs are expressed at equal levels (ratio of homeolog-1 to homeolog-2 equals 1 for all three tissues). The first alternate hypothesis is that homeologs are expressed at different levels, but similar ratios, across all three tissue types. The second alternate hypothesis is that homeologs are expressed at different levels and at different ratios across all three tissues.
Using the expression data and the nested hypotheses we test for: (1) Expression bias and subgenome dominance following the M. luteus specific WGD in M. luteus, hybrid M. guttatus x M. luteus, and M. peregrinus (both natural and resynthesized allopolyploid) and
(2) Expression bias and subgenome dominance of the M. guttatus or M. luteus homeologs in the hybrid and allopolyploid M. peregrinus. Importantly, the first comparison will allow us to understand long term patterns of expression bias in Mimulus (the M. luteus WGD is a relatively ancient event) whereas the second comparison will test for expression bias and subgenome dominance in a newly formed hybrid and allopolyploid Mimulus.
Expression bias of homeologs from Mimulus luteus specific WGD event
Based on the finding that one of the M. luteus subgenomes is significantly more like M. guttatus, we sought to compare expression of homeologs within M. luteus to each other, thereby addressing the question of whether the M. guttatus-like homeolog or 'other' homeolog is more highly expressed within M. luteus, M. x robertsii (F1 hybrid), or M. peregrinus (both a resynthesized and natural allopolyploid). Using the likelihood ratio test mentioned above we identified cases of homeolog expression bias that did not involve tissue specific expression differences. In each case over 1100 homeolog pairs were tested; the test was only applied when both homeologs were expressed in all three tissues. For each homeolog pair, we quan- To test for expression bias that arises instantaneously following the merger of two genomes, we compared homeologs in the hybrid and neo-allopolyploids, which contain both a M.
guttatus and M. luteus subgenome. We asked two questions. First, when considering M. luteus expression as the sum of its two homeologs (L o + L g ), do we see dominance of one subgenome ( Fig. 3) ? Second, when we consider the M. luteus homeologs separately (L o or L g ) and compare these to their M. guttatus homeolog (G), do we see do we see (Fig. 4 ). Next, using the LRT, across all comparisons, 52%, 63%, and 66%
homeologs were significantly biased. Of these biased homeolog pairs, the M. luteus homeolog was the dominantly expressed homeolog in 68%, 64%, and 73% of the comparisons ( Fig. 4) . Additionally, among biased homeologs, the average bias towards the M. luteus subgenome is greater than the average bias towards the M. guttatus subgenome (|B |>|B g |) in all cases (Fig. 4 ). It is also worth noting that the degree of bias (as measured by B and fraction of biased homeologs) increased from the first generation hybrid, to the resynthesized allopolyploid, and to the natural allopolyploid.
Expression bias in three separate hybrid lineages
While it is clear that the M. luteus homoelogs are dominantly expressed in the hybrid an allopolyploid lineages, we sought to determine whether the same homeologs were repeatedly biased across independent hybrid and allopolyploids. A Venn diagram reveals that homeologs biased in one individual are far more likely to be biased in the other two lineages than would be expected by random chance (Fig. 5 ). Moreover, measured levels of individual homeolog expression bias are correlated across all three lineages (Fig. 5 ). Interestingly, levels of expression bias B in the first generation hybrid and resynthesized allopolyploid are much more correlated with each other (r 2 = 0.57) than either sample is with the natural allopolyploid (r 2 = 0.25 and 0.32, Fig. 5 ).
Transposon density linked to gene expression
One possibility we considered was whether proximal transposon (TE) loads were related to homeolog expression bias. In order to test this it was necessary to annotate TE in M. guttatus and M. luteus genome assemblies. Using a homology and structured based annotation, as well as de novo annotation, we identified the transposons in the M. guttatus and M. luteus genomes (SI Appendix, Text S1.6). Our survey revealed that 50% of the M. guttatus genome assembly is composed of TE sequences that are classified into 863 families. We have compiled a TE exemplar library with 1439 sequences representing the TE composition of the genome (SI Appendix, Text S1.6, Fig. S4 ). After annotating TEs, in 10kb windows Investigating the aftermath of WGDs across both deep and recent time scales provides clearer insight into the collective evolutionary processes that occur in a polyploid nucleus 46 , including the emergence and establishment of subgenome dominance. Subgenome dominance has largely been investigated in ancient polyploids, including Arabidopsis 47 , Maize 34 and Brassica 35 , which revealed the presence of a dominant subgenome with significantly greater gene content and which contributes more to the global transcriptome than the other subgenome(s).
Gene expression bias towards one of the subgenomes has also been observed in more recent allopolyploids including those formed as a product of domestication over the past ten thousand years (e.g. wheat 36 The observed methylation differences between homeologs present on the different subgenomes may represent early earmarks for the ultimate loss (i.e. fractionation) of a dupli-cate gene copy. Submissive subgenomes in ancient polyploids are more highly fractionated and contribute less to the overall transcriptome compared to the dominant subgenome. Although duplicate genes on either subgenome are not physically lost yet in M. pereginus, many homeologs on the submissive subgenome are already functionally absent (low to no expression). Due to selection acting on maintaining proper stoichiometry in dosage-sensitive macromolecular complexes and gene-interaction networks 48, 49 , stoichiometric balance is likely best maintained by retaining the more highly expressed copy of interacting genes.
One of the biggest opportunities arising from any gene duplication is the possibility of subor neo-functionalization. The finding of strong and immediate homeolog expression bias in a hybrid and neo-allopolyploid may have important implications for our understanding of these processes.
In conclusion, there appears to be clear tradeoff between the benefits of epigenetic silencing of TEs (this inhibits their proliferation across the genome) and the effects of TE methylation on neighboring gene expression 40 . Our results support the idea that subgenome dominance may be the result of lineage-specific genomic evolution shaping TE densities and methylation levels. In addition, subgenome expression dominance should not be unique to interspecfic hybrids, but should also occur in intraspecies crosses between lines with different TE loads. These results have major implications to a number of research fields ranging from ecological studies to crop breeding efforts. HEB: 
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